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Electrochemical properties are inherent to the techniques of electrophoresis and electrospray
ionization. Interfacing capillary zone electrophoresis (CZE) with electrospray mass spectrom-
etry (ESMS) can lead to the observation of oxidized species generated as a result of the
electrochemical nature of this coupling. Using a nanoelectrospray (nES) interface combined
with CZE, controlled chemical oxidation of peptides is demonstrated. The electrolysis of water
is used to explain the origin of the chemically oxidized species and this is confirmed using
experiments with 18O labeled water. Identification of the oxidized residues was possible using
tandem mass spectrometry to sequence the modified peptides. Methionine was found to be the
most readily oxidized residue, followed by aromatic amino acids. Surprisingly, oxidation of
aliphatic residues (leucine) was also observed. Addition of a reducing agent to the CZE buffer
was found to reduce, but not eliminate, the extent of oxidation. The electrochemical generation
of protons at the electrosprayer was used to assist in the analysis of monophosphate
nucleotides. Nucleotides were separated as anions followed by detection as [M 1 H]1 ions.
(J Am Soc Mass Spectrom 1999, 10, 309–317) © 1999 American Society for Mass Spectrometry
Capillary zone electrophoresis-mass spectrometry(CZE-MS) is a relatively new tool for the analy-sis of biomolecules [1, 2]. CZE provides highly
efficient separations, whereas mass spectrometry is a
sensitive detection method that can produce both mo-
lecular weight and structural information. Improve-
ments in both CZE and MS have, and are leading to, the
wider acceptance of CZE-MS as a routine analytical
tool. Sample loading methods [3–10] and interface de-
sign have improved the overall sensitivity of CZE
[11–15], whereas faster-scanning electrospray time of
flight instrumentation can take full advantage of the
sharp, narrow peaks generated by CZE [16, 17].
Inherent to CZE is the electrochemical oxidation and
reduction of water at the electrodes used for electro-
phoresis [18, 19]. Typically, the inlet electrode has a
positive potential and forms the anode and the
grounded outlet forms the cathode. In this mode O2 and
H1 are generated at the inlet and H2 and OH
2 at the
outlet. Electrolysis of water has been shown to dramat-
ically shift the pH within the capillary [20] as well as in
the buffer reservoirs [21]. Electrolysis of water does not
typically affect the detection of analytes when using
on-column UV detection.
Electrospray mass spectrometry also has an electro-
chemical component inherent in its nature [22]. Van
Berkel and co-workers have shown electrospray ioniza-
tion to be a controlled-current electrolytic cell [23, 24].
They, and others, have used this feature to provide
enhanced detection of otherwise difficult to ionize spe-
cies [25–31]. Individual species are oxidized, [M1 z ], in
order of their increasing redox potential until the re-
quired current is supplied [23]. Charge balance occurs
at the metal/solution interface, and was shown by Van
Berkel and Zhou to be dependent on several factors,
including the magnitude of the electric field at the tip
and the availability of species at the metal/solution
interface, which is related to the capillary dimensions,
flow rate, and species concentration [24].
Previously, electrospray has been shown to produce
chemically oxidized, [M 1 H 1 nO]1, peptides when
used for simple infusion experiments [32]. The degree
of oxidation was found to be dependent on the applied
electrospray voltage and the sequence of the peptide.
The authors attributed the oxidation to the radical
oxygen species produced by the corona discharge at the
needle tip when high voltage was applied.
What are the consequences for interfacing CZE with
electrospray mass spectrometry? Considering the large
number of publications (.200) on the application of
CZE-MS, there would appear to be none. Until recently,
coupling CZE with MS has relied on either a coaxial [1]
or liquid-junction [2] interface. With these interfaces, a
make-up flow is used to complete the electrophoretic
circuit, and a nebulizing gas assists in the desolvation
process. The electrolytic action of electrospray effects
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the make-up solution, which is typically present in
several orders of magnitude excess. Therefore, any gas
bubbles produced by water electrolysis go unnoticed.
More recently, several articles have appeared on the
use of nanoelectrospray interfaces for CZE-MS [11–15].
With this type of interface, no make-up flow is used and
the electrophoretic circuit is completed at the metallized
tip. Alternatively, a micro liquid junction is used in
conjunction with nonmetallized tips. With the liquid-
junction interface, a positive pressure is required to
maintain the electrophoretic circuit [9]. This pressure
pushes gas bubbles generated by water electrolysis out
of the tip, therefore preventing loss of a stable current.
The electrochemical nature of electrophoresis does ef-
fect the coupling of CZE with electrospray mass spec-
trometry in this case.
This paper investigates the electrochemical nature of
CZE nanoelectrospray mass spectrometry. The role of
parameters such as flowrate, applied voltage, and
buffer composition are discussed with respect to the
detection of peptides chemically oxidized during elec-
trospray ionization. The implications for peptide anal-
ysis and the utility of the electrochemical nature of the
technique for analysis of nucleotides are addressed.
Experimental
Reagents and Materials
Fused-silica capillary was purchased from Polymicro
Technologies (Phoenix, AZ). The capillary column butt
connector (part no. 2-3796) was obtained from Supelco
(Oakville, Ontario, Canada). Formic acid (99%), ammo-
nium persulfate (98%), nucleotides and peptide stan-
dards were purchased from Sigma Chemical (St. Louis,
MO), and used without further purification. Sequencing
grade TPCK-trypsin was purchased from Boehringer
Mannheim (Montre´al, Que´bec, Canada). Hu¨ls America
(Bristol, PA) provided 7-Oct-1-enyltrimethoxysilane.
[(Acryloylamino) propyl]-trimethylammonium chlo-
ride (called BCQ by the manufacturer) supplied by
Chemische Fabrik Stockhaussen (Krefeld, Germany)
was used to modify the capillary surface. N,N,N9,N9-
tetramethylethylenediamine (TEMED) was purchased
from International Biotechnologies (New Haven, CT).
The O18 water (95 atom %) was obtained from Sigma
Chemical.
Peptide Oxidation
Methionine (Met, M) containing peptides were dis-
solved in Milli-Q water (1 mg/mL), filtered (0.45 mm)
and sonicated to remove dissolved oxygen. Oxidation
of the methionines was carried out using performic acid
as described previously [33]. Performic acid was gener-
ated by incubating a mixture of hydrogen peroxide
(30%, 0.5 mL) and formic acid (9.5 mL) at room temper-
ature for 2 h. The peptide stock solution (100 mL) was
added to the performic acid (100 mL) and allowed to
react for 2 h in the dark on ice. The solution was then
frozen and lyophilized for 3 h, followed by resuspen-
sion in water and lyophilization overnight. The solid
was redissolved in water (100 mL) and stored frozen
(220 °C). Oxidation of the methionine was confirmed
using mass spectrometry and tandem mass spectrome-
try (MS-MS). The mass of the peptide revealed the
addition of 32 Da, and peptide sequencing using
MS-MS revealed that the methionine residue was in-
creased by 32 Da (data not shown).
Capillary Coating
The BCQ coating was used to reverse the electroosmotic
flow and to prevent peptides from sticking at the low
pH conditions used [15]. Capillary was typically coated
in 5-m lengths and cut as needed for use in CZE-MS
experiments. The method used for preparing the BCQ
coating was described previously [15, 34]. The capillary
was rinsed sequentially with 1 M NaOH, deionized
water and methanol, each for 1 h at 20 lb/in.2. A
solution of 7-oct-1-enyltrimethoxysilane (20 mL) and
glacial acetic acid (20 mL) in methanol (4 mL) was
passed through the column overnight (8–12 h) at 20
lb/in.2. The capillary was subsequently rinsed with
methanol and deionized water (1 h each, 20 lb/in.2).
TEMED (8 mL) and aqueous ammonium persulfate
[15% (w/v), 56 mL] were added to a solution of BCQ in
deionized water [2% (v/v), 4 mL], and this solution was
immediately rinsed through the column for 8 h (or
overnight) at 20 lb/in.2. The capillary was flushed with
deionized water for 1 h and then stored. Prior to use, the
column was flushed with CZE buffer for 5–10 min.
Capillary Zone Electrophoresis
CZE-MS experiments were carried out using a Thermo
CZE system (Thermo Capillary Electrophoresis, Frank-
lin, MA) and 0.1 M formic acid as the background
electrolyte. Separations were achieved by applying 220
kV to the injection end of the column (0.6 m 3 50 mm
i.d.) and 2.0 to 3.5 kV to the nanosprayer tip. The spray
current generated was 10–11 mA based on the readback
from the TSQ 7000. Samples were introduced into the
column by pressure (100 mbar, 12 s), resulting in ;40
nL injection volumes.
Infusion Experiments
Samples were introduced using the above mentioned
CZE instrument for both pressure and electroosmotic
infusion experiments. The flowrate was determined by
measuring the time required for a peptide signal to
appear for a given pressure or electrophoresis voltage
and column dimensions. Typically a pressure of 200
mbar or a voltage of 220 kV resulted in a flowrate of
200 nL/min.
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Mass Spectrometry
Data were acquired using a TSQ 7000 triple-quadrupole
mass spectrometer (Finnigan Canada). Full-scan acqui-
sition was typically in the profile mode using a scan rate
of 200–400 amu/s. A detailed description of the nano-
electrospray interface has been presented elsewhere
[15].
Nanosprayer Tip Construction
Fused silica capillary (360 mm o.d., 50 mm i.d.), previ-
ously coated with BCQ, was cut to ;10 cm lengths and
tapered with the flame from a microwelding torch. The
tapered column was trimmed to 2–3 cm, and inserted
into a larger i.d. capillary, and bent until the tapered
end snapped. The tapered end was further sharpened
by etching in a stirred solution of 48% HF for 15 min.
The tips were sputter coated with gold for 15–20 min
using an Edwards 306A high vacuum coater. After
sputter coating, the gold coating on the tips was rein-
forced by electroplating. Tips constructed in this man-
ner had an o.d. of 100 mm and an i.d. of 20 mm. The
nanosprayer tip was connected to the separation capil-
lary using the Supelco butt connector. Optimization of
the interface was achieved by electroinfusion of a pep-
tide standard (Leu-enkephalin, 10 mg/mL) dissolved in
the electrolyte solution used for separations.
Results and Discussion
In all experiments described here, the CZE was oper-
ated in the reversed-polarity mode, i.e., with a negative
potential at the inlet vial. With this experimental ar-
rangement the inlet electrode is the cathode and the
outlet is the anode. The following electrolysis reactions
take place at the electrodes when the CZE voltage is
applied:
Cathode: 2H2O 1 2e
23 H2 1 2OH
2 20.8277 V
(1)
Anode: 2H2O 3 4H
1 1 O2 1 4e
2 2 1.229 V
(2)
In this case, the outlet vial is the nanosprayer tip that
also acts to generate the ions for mass spectrometric
detection.
Peptide Oxidation
A consequence of the tip geometry and low flow rate
(;200 nL/min), coupled with the relatively high spray
current, is that the electrolysis of water occurs readily.
The electrolysis of water can lead to the chemical
oxidation of analytes, as seen for leucine-enkephalin in
Figure 1. This chemical oxidation is dependent on
flowrate, as well as applied voltage. When the peptide
is infused using pressure (200 nL/min), only the [M 1
H]1 and [M 1 Na]1 ions are observed (Figure 1a),
regardless of the applied electrospray potential. At
lower flowrates some chemical oxidation is observed,
but a stable spray is difficult to maintain. During
electroinfusion of the peptide using a voltage of 220 kV
at the inlet and an electrospray voltage of 12.5 kV, no
chemical oxidation is observed (Figure 1b). However,
when the electrospray voltage is increased to 13.0 kV,
species indicating the addition of up to seven oxygen
atoms are observed (Figure 1c).
Assuming an electrode area of 7.5 3 1029 m2 (o.d. of
tip 100 mm, i.d. of tip 20 mm) and a current of 11 mA,
current density of 1500 A/m2 can be approximated. At
these high current densities obtained at the nanosprayer
tip, it is likely several other electrolytic oxidation reac-
tions of water are occurring. For example, reactions 3
and 4 below require a higher potential to occur relative
to the reaction shown in eq 2.
2H2O 3 H2O2 1 2H
1 1 2e2 1.776 V (3)
H2O 3 O(g) 1 2H
1 1 2e2 2.42 V (4)
Figure 1. Infusion of leucine–enkephalin (10 mg/mL in 0.1 M
formic acid) using (a) pressure infusion at 200 nL/min and 3.0 kV
electrospray voltage (current 0.9 mA), (b) electroinfusion (220 kV)
at 200 nL/min and 2.5 kV electrospray voltage (current 9.8 mA),
and (c) electroinfusion (220 kV) at 200 nL/min and 3.0 kV
electrospray voltage (current 11 mA). Peaks marked with an
asterisk are impurities in the peptide standard.
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High field densities are generated at the electrosprayer
tip and these higher redox potential electrolysis reac-
tions may be occurring in order to supply the required
current [23]. Formation of oxygen, peroxide, and/or
hydroxyl radicals in the presence of the peptide may
generate the oxidized species that are then detected.
Effect of Flowrate and Voltage
It has previously been shown that several factors,
including the magnitude of the electric field at the tip
and the availability of species at the metal/solution
interface, which is related to the capillary dimensions,
flowrate, and species concentration play a role in the
generation of oxidized species [24]. In order to assess
the effects of flowrate and voltage on the production of
chemically oxidized peptides, a methionine containing
peptide was analyzed at various flowrates and applied
CZE voltages. Methionine is the most readily oxidized
amino acid, and it has been shown that it can be
oxidized even during conventional electrospray exper-
iments [32]. Figure 2 shows mass spectra generated by
the infusion (both pressure and electroosmotically
driven) of methionine enkephalin (YGGFM). An elec-
trospray voltage of 12.7 kV was used in all cases to
ensure peptide oxidation would occur, but not to the
extent observed in Figure 1.
When the peptide is pressure infused at 200 nL/min
the spectrum shown in Figure 2a is observed. The [M 1
H 1 O]1 ion is approximately 30% of the [M 1 H]1
base peak, and some [M 1 H 1 2O]1 is evident. When
the flowrate is decreased to 25 nL/min, the [M 1 H 1
O]1 ion increases to 80% of the base peak and doubly
and triply oxidized species are generated (Figure 2b). It
should be noted that maintaining a stable spray at this
flowrate is not trivial for the electrospray tips used in
these experiments. At flowrates exceeding 500 nL/min
no oxidized species were observed (data not shown).
An effect equivalent to decreasing the flowrate can be
observed when electrophoresis voltage is used (Figure
2c). For this experiment, both pressure (200 mbar) and
electrophoresis voltage (220 kV) were applied. The
addition of the electrophoresis voltage results in the
observation of an [M 1 H 1 O]1 ion similar in inten-
sity to that observed in Figure 2b. This intensity of the
[M 1 H 1 O]1 ion is double that generated with iden-
tical flowrate but without the electrophoresis voltage
(Figure 2a). The application of voltage at the capillary
inlet results in an increase of electrochemical reactions
at the inlet and outlet electrodes because of the much
higher current (0.8 mA vs. 10.5 mA).
The effect of flowrate on the generation of oxidized
species is further demonstrated by the spectrum in
Figure 2d. This data was generated by removing the
Figure 2. Analysis of methionine enkephalin (10 mg/mL in 0.1 M formic acid) using (a) pressure
infusion at 200 nL/min (current 0.8 mA), (b) pressure infusion at 25 nL/min (current 0.8 mA), (c)
pressure infusion at 200 mbar and electroinfusion (220 kV) giving a total flowrate of 400 nL/min
(current 10.5 mA), and (d) electroinfusion at 200 nL/min (220 kV, current 10.5 mA).
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pressure while maintaining the electrophoresis voltage
of 220 kV. The peptide is electroosmotically intro-
duced, and without the pressure the flowrate decreases
from 400 to 200 nL/min. The base peak is now the [M 1
H 1 O]1 ion and the [M 1 H]1 ion decreases to 10% of
the base peak. Ions indicating the addition of up to five
oxygen atoms can be observed. The data shown in
Figures 1 and 2 indicate that flowrate, electrospray
voltage, and electrophoresis voltage have the potential
to affect the oxidation of peptides during CZE-MS.
CZE-MS
In order to assess the potential for chemical oxidation to
occur during CZE-MS, the separation of several en-
kephalin peptides (Table 1) was carried out. Enkephalin
peptides containing methionine chemically oxidized to
the sulfone analogs were also used in the mixture. In all
cases, the sulphone containing peptides were electro-
phoretically resolved from the corresponding methio-
nine containing peptides (Figure 3 and Table 1). Sepa-
ration of these peptides unambiguously shows that the
chemical oxidation occurs at the metal/liquid interface
of the electrosprayer. Extracted ion chromatograms
(XIC’s) were used to determine the extent of chemical
oxidation of each peptide. The areas for the chemically
oxidized and nonoxidized species for each peptide were
summed and the ratio of chemically oxidized peptide to
total peptide was used to estimate the degree of chem-
ical oxidation of each peptide. For these peptides, the
methionine containing peptides were found to be the
most readily oxidized analytes (.65%), in agreement
with previous reports [32]. Chemical oxidation was
observed for all peptides in the mixture, although at
lower levels (Table 1).
The origin of the oxygen inserted into the peptides
during electrospray was investigated by carrying out
CZE-MS experiments with 0.1 M formic acid in 18O
labeled water. Examples of extracted mass spectra for
peptides separated in labeled and nonlabeled water are
shown in Figure 4. For the nonlabeled water, ions
corresponding to [M 1 H]1 and [M 1 H 1 16]1 are
observed (Figure 4a, c). When the same separation is
carried out using the 18O labeled water and a slightly
higher electrospray potential to ensure peptide oxida-
tion, [M 1 H 1 18]1 and [M 1 H 1 36]1 ions are ob-
served for both peptides (Figure 4b, d). Oxygen inserted
into the peptide is originating from the electrolysis of
water used to make the background electrolyte. Some
[M 1 H 1 16]1 ions are also observed in the experi-
Table 1. Peptides separated by CZE-MS in Figure 2
Peak Sequencea [M 1 H]1
Relative abundance
[M 1 H 1 O]1 [M 1 H 1 2O]1
1 YGGFM(ox)b 606 10 2
2 YGGFM 574 55 11
3 YGGFL 556 4 1
4 YGGF 443 5 2
5 YGGFL-NH2
c 555 5 2
6 YGGFM-NH2 573 80 . . .
7 YGGFM-NH2(ox) 605 6 3
8 GGFM(ox) 443 2 . . .
9 GGFM 411 60 20
10 GGFL 393 5 . . .
aY—tyrosine, G—glycine, F—phenylalanine, M—methionine, L—leucine.
b(ox) denotes chemically oxidized peptide.
cNH denotes C-termical residue is amidated.
Figure 3. Total ion electropherogram (TIE) for the CZE-MS
analysis of mixture of 10 peptides (400 pg each injected) using 0.1
M formic acid at 220 kV on a BCQ coated capillary with an
electrospray voltage of 2.7 kV (current 10.5 mA). Peak labels
correspond to entries in Table 1.
Figure 4. Extracted mass spectra for the CZE-MS analysis of
peptides (400 pg each) in 0.1 M formic acid in water (a and c) and
18O water (b and d). Conditions as for Figure 3, except electros-
pray voltage 3.0 kV for 18O experiment. Peaks labeled as [M 1
H 1 2O]1 in panels b and d correspond to 18O 1 16O.
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ment using 18O water since the water is 95 atom % 18O
labeled. The ratio of [M 1 H 1 18]1/[M 1 H 1 16]1
should be 19:1 based on the isotopic content of the
buffer. The observed ratio varies from 4:1 to 2.5:1 and
therefore implies that the oxygen must be coming from
some other source. Figure 1c also shows peaks that are
2 mass units less than the [M 1 H 1 nO]1, and it is
postulated that at higher electrospray potentials, as
used for the data shown in Figure 1c and Figure 4b, d,
that [M 1 H 1 nO 2 H2]
1 ions are being generated.
Observation of this type of ion has previously been
reported during ESMS at high electrospray voltages
[35]. Alternatively, some of the oxidized species could
have been generated by corona discharge at the needle
tip [32], however, the diagnostic blue glow of a dis-
charge could not be observed.
CZE-MS of Protein Digests
Chemical peptide oxidation during CZE-MS has both
beneficial and detrimental consequences for the analy-
sis of protein digests. An example of the CZE-MS
analysis of the tryptic digest of a protein is shown in
Figure 5a. The extracted mass spectrum for the peak
labeled with an arrow (Figure 5b) is complex and
potentially contains several peptides. Observation of
the spacing around the most abundant ions can be used
to deconvolute the charge state of the peptides. The
results are listed in Table 2. Two separate peptides were
identified using chemically oxidized species to identify
the charge state of the peptides. The extent to which a
peptide is chemically oxidized also provides some
information about the sequence. If a particular peptide
is chemically oxidized even under the most gentle
electrospray conditions, it most likely contains a methi-
onine.
The caveat for the oxidation of peptides is that the
signal for the peptides becomes diluted over several
species. This will in turn lead to an overall loss in
sensitivity for the analysis. The user must decide if the
information provided by oxidation (charge state, methi-
onine-containing peptides) is worth the loss in sensitiv-
ity.
MSMS of Oxidized Species
The location of the site(s) of peptide modification was
studied using tandem mass spectrometry. Peptides
electroosmotically infused or separated using CZE were
subjected to collision induced dissociation and the
fragments mass analyzed. The mass spectrum for the
peptide glycine–glycine–phenylalanine–leucine (GGFL) is
shown in Figure 6a. Ions corresponding to the addition of
one, two, and three oxygen atoms are observed. The
fragmentation pattern of the nonoxidized peptide is
shown in Figure 6b with fragment assignments. Frag-
mentation of the mono-oxidized species resulted in the
spectrum shown in Figure 6c. Both the b3 and y2 ions
are shifted by 16 mass units relative to the nonoxidized
peptide, indicating the site of oxidation must be on the
phenylalanine residue. This observation is confirmed
by the presence of the immonium ion for phenylalanine
that is also shifted by 16 mass units.
The fragmentation pattern for the dioxidized species
is more complex, indicating that more than one species
is present. The only y2 ion present has been shifted by
32 mass units or 2 oxygen, indicating that the glycines
have not been oxidized. The base peak in the spectrum
is assigned as the b3 ion plus two oxygen, showing that
phenyalanine must be dioxidized. Surprisingly, the b3
and the b3 1 O ions are also observed. These ions show
that oxidation must have occurred on the leucine resi-
due of the peptide, this is supported by the presence of
the y1 1 O ion. No assignable spectrum could be ob-
served for the trioxidized species, most likely because of
the large number of species present at that mass. These
results show that residues that might be considered
difficult to oxidize, such as the aliphatic amino acids,
can be modified under these experimental conditions.
Figure 5. Total ion electropherogram for the CZE-MS analysis of
a protein tryptic digest using conditions described in Figure 3. (a)
Total ion electropherogram and (b) extracted mass spectrum for
peak labeled with arrow in (a).
Table 2. Tryptic peptides identified from mass spectrum in
Figure 4b
Masses D mass Charge MW (calc)
604,609,614 5 3 1809
722,727 5 3 2163
905,913,921 8 2 1808
1082.5,1090 8 2 2162
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Control of Peptide Oxidation
The use of buffer additives can be used to reduce the
degree of oxidation observed during electrospray [36]
and CZE-MS. Additives that are readily oxidized can
act to prevent unwanted oxidation of the analytes of
interest. This is demonstrated using a peptide contain-
ing methionine, the most readily oxidized amino acid
[32]. The extracted mass spectrum for the peptide
methionine–enkephalin analyzed without using a
buffer additive is shown in Figure 7a. The most abun-
dant peak is the [M 1 H 1 O]1 ion even when using
the lowest electrospray voltage that maintained a stable
spray. Addition of 1.3 mM dithiothreitol (DTT) to the
separation buffer effectively reduced the chemical oxi-
dation such that the [M 1 H]1 ion is now the most
abundant species (Figure 7b). The DTT serves as a
scavenger for the oxidizing species, because it is more
readily oxidized. Alternatively, DTT may act as a redox
buffer, turning off certain electrolytic reactions by main-
taining electrode potentials at a low level [36]. Some
chemically oxidized peptide is observed, even with
DTT present, and this may be difficult to completely
eliminate since the chemical oxidation is also dependent
on the availability of the species [24]. As the analyte
migrates out of the column it will be in contact with the
nanosprayer. Electrolytic processes at the nanosprayer
surface continuously generate reactive species which
may lead to oxidation of easily oxidized compounds.
The addition of DTT to the electrolyte had no adverse
affect on the quality of the separation (data not shown).
Other Consequences
The electrolysis of water at the anode not only produces
O2, it also generates protons. This has been shown to
dramatically lower the pH of the solution at the anode
in CZE [18, 19] as well as during electrospray ionization
[36]; and has implications for the positive ion detection
of anions. The mass spectrum for the disodium salt of a
nucleotide (uridine monophosphate, UMP) using pres-
sure infusion is shown in Figure 8a. The major species
observed are the [M 1 Na 1 H]1 and the [M 1 2Na 1
H]1 ions. However, when the pressure is removed and
the sample is electroosmotically infused, only the [M 1
H]1 ion is generated and no sodium adduct ions are
observed (Figure 8b). Two processes lead to this result,
(1) the sodium ions are being electrophoretically re-
moved from the sample and (2) protons generated at
the tip protonate the molecule. Sodium cations have an
electrophoretic mobility greater than the electroosmotic
flow and therefore migrate towards the cathode at a
Figure 6. Tandem mass spectrometric analysis of the peptide
GGFL (10 mg/mL in 0.1 M formic acid). (a) Full scan mass
spectrum of the electroinfused peptide using 220 kV and electro-
spray voltage 12.7 kV. (b) MSMS spectrum for nonoxidized
peptide. (c) MSMS spectrum for monooxidized peptide. (d) MSMS
spectrum for dioxidized peptide. Each spectrum represents the
sum of five scans acquired at 150 amu/s.
Figure 7. Electroinfusion analysis of methionine–enkephalin (10
mg/mL in 0.1 M formic acid) without (a) and with (b) 1.3 mM
dithiothreitol.
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rate faster than the bulk liquid flow out of the capillary.
Using Faraday’s equation with a current of 11 mA, 0.11
nmol/s of H1 is produced at the nanosprayer tip
assuming only electrolysis of water is occurring. For a
flowrate of 200 nL/min this corresponds to a [H1]
concentration of 34 mM at the tip or a pH of 1.5, low
enough to neutralize phosphate. When the CZE is
carried out using normal polarity (positive at the inlet),
OH2 would be produced at the outlet making the
analysis of acidic compounds as positive ions difficult.
The production of protons at the outlet can be used
for the detection of strongly anionic compounds as
cations after they have been separated as anions. This is
illustrated in Figure 9 for the separation of a mixture of
four nucleotides. Anions, neutrals, and cations appear
before, at, and after the electroosmotic flow (EOF),
respectively. The compounds associated with the peaks
labeled 1 and 2 in Figure 9 are anions, peak 3 is neutral,
and peak 4 has some cationic character. Extracted mass
spectra are shown in Figure 9b–e, and each shows only
the [M 1 H]1 ion. Two of the nucleotides are separated
as anions but produce strong positive ion spectra be-
cause of the high concentration of protons generated at
the electrospray tip.
Oligonucleotides have previously been detected us-
ing direct infusion and positive ion electrospray after
the samples had been desalted [37]. The present method
allows for online desalting and separation of nucleo-
tides followed by positive ion detection. This may
provide complementary information to the usual HPLC
negative ion ESMS analysis of oligonucleotides [38].
Conclusions
The electrochemical properties of both capillary zone
electrophoresis and electrospray mass spectrometry
must be considered when using these techniques. Pep-
tides separated by CZE can undergo chemical oxidation
during electrospray ionization leading to a loss in
sensitivity. This oxidation was shown to be a result of
the electrolysis of water occurring when the electro-
phoresis voltage is applied. The addition of a reducing
agent, such as DTT, can be used to control the extent of
chemical oxidation of peptides (or compounds more
readily oxidized than DTT). The separation of peptides
was not affected by the presence of DTT. Tandem mass
spectrometry enabled the identification of modified
residues resulting from peptide oxidation. Methionine
and phenylalanine were found to be the most readily
chemically oxidized amino acids, however chemical
oxidation of aliphatic amino acids such as leucine was
also observed.
Electrolysis of water at the electrospray interface also
produces protons. This results in the ability to readily
separate compounds as anions and detect them as
cations, as was shown for nucleotides. A further conse-
quence of this interface arrangement is that nucleotides
can be electrophoretically desalted prior to detection as
Figure 8. Analysis of the nucleotide uridine monophosphate (10
mg/mL) using (a) pressure infusion and (b) electroinfusion.
Figure 9. CZE-MS analysis of a mixture of four nucleotides. (a)
Total ion electropherogram, extracted mass spectra for (b) uridine
monophosphate, (c) guanosine monophosphate, (d) adenosine
monophosphate, and (e) cytidine monophosphate. Conditions as
for Figure 3.
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positive ions. Application of this technique for a simple
and rapid method for the analysis of oligonucleotides is
being investigated.
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